A microchip-based capillary gel electrophoresis (MCGE) technique was developed for the ultra-fast detection and differentiation of Candidatus Mycoplasma haemominutum (Candidatus M. haemominutum, California strain) and Mycoplasma haemofelis (M. haemofelis, Ohio strain) in Korean feral cats through the application of programmed field strength gradients (PFSG) in a conventional glass double-T microchip. The effects of the poly (ethyleneoxide) (PEO) concentration and electric field strength on the separation of DNA fragments were investigated. The PCR-amplified products of Candidatus M. haemominutum (202-bp) and M. haemofelis (273-bp) were analyzed by MCGE within 75 s under a constant applied electric field of 117.6 V/cm and a sieving matrix of 0.3% PEO (M r 8 000 000). When the PFSG was applied, MCGE analysis generated results 6.8-times faster without any loss of resolution or reproducibility. The MCGE-PFSG technique was also applied to eleven samples selected randomly from 33 positive samples. The samples were detected and differentiated within 11 s. The analysis time of the MCGE-PFSG technique was approximately 980-times faster than that using conventional slab gel electrophoresis.
Introduction
Haemobartonella felis (H. felis) is a small epicellular bacterial parasite of feline erythrocytes and the most common cause of hemolytic anemia in cats. 1 However, reports on the DNA sequences of H. felis suggested the existence of two morphologically and genetically distinct genotypes of H. felis: the larger form called the 'Ohio strain' and the smaller form called the 'California strain'. 2 These species have been reclassified and renamed as M. haemofelis (for the larger form) and Candidatus M. haemominutum (for the smaller form), and are now collectively referred to as feline hemoplasmas. 3 Many diagnostic and epidemiological studies of H. felis infections in cats in various countries have been performed. Tasker and Lappin reviewed and described different types of H. felis in various countries, and explained the superiority of the polymerase chain reaction (PCR) in diagnosing H. felis in cats. 3 Moreover, the advantages of PCR for the sensitive and specific detection of Candidatus M. haemominutum and M. haemofelis from naturally infected cats by slab gel electrophoresis have been reported. [4] [5] [6] After amplication of the specific fragments, the confirmation of the PCR products is indispensable because the slab gel electrophoresis technique has notable faults, including a slow analysis rate, a high material cost and difficulty in finding heterozygous DNA. 7 In addition, this technique is labor-intensive and timeconsuming. It also requires multiple sample manipulation steps. As a result, the analytical speed is very slow. Therefore, a more automated, reliable, user-friendly, ultra-fast and sensitive analytical method is needed.
Microchip electrophoresis (ME) is considered to be a revolutionary leap in analytical instrumentation. ME has many advantages for the analysis of PCR products, DNA restriction fragments, DNA sequencing and genotyping with regard to speed, reagent consumption and sensitivity. [8] [9] [10] This technique is expected to be easily integrated with other laboratories for the analysis of biological molecules, such as PCR products, immobilized enzymatic reactions and single molecule dynamics, in order to explain the sizes of the DNA molecules and solve biological problems within a short time. [11] [12] [13] Recently, our group reported the advantages of the ME with programmed field strength gradients for the ultrafast analysis of PCR products, 14, 15 this allows the rapid separation and enhanced separation efficiency of the target DNA fragments with a specific size. There has been no report on the application of ME with programmed field strength gradients to H. felis in Korea. To our knowledge, this is the first report of the application of the MCGE-PFSG technique to the ultra-fast detection and differentiation of Candidatus M. haemominutum and M. haemofelis in feral cats.
Experimental Section
Chemicals and reagents. A 1× TBE buffer (0.089 M Tris, 0.089 M borate and 0.002 M EDTA, pH 8.31) was prepared by dissolving a pre-mixed powder (Amerosco, Solon, OH, USA) in deionized water. A dynamic coating matrix of the microchip was made by dissolving 0.5% (w/v) polyvinylpyrrolidone (PVP, M r 1 000 000) (Polyscience, Warrington, England) in a 1× TBE buffer containing 0.5 μg/mL ethidium bromide (EtBr) (Sigma Chemicals, St. Louis, MO, USA). The mixture was shaken for 2 min and left to stand for 2 h to remove any bubbles. The sieving matrix was made by dissolving 0.3% (w/v) of M r 8 000 000 PEO (Sigma Chemicals, St. Louis, MO, USA) in a 1× TBE buffer containing 0.5 μg/ mL EtBr, with gentle stirring overnight. A 100-bp DNA ladder (72 ng/μL) (Genepia, Korea) was used in electrophoresis.
Clinical sample collection. A total of 331 samples of feline blood, which were obtained during a Trap-NeuterReturn (TNR) program in Seong-Nam city in Korea from March to October 2006, were examined using a PCR assay. The blood samples were collected by jugular venipuncture into an ethylene diaminetetraacetic acid (EDTA) anticoagulant tube. The samples were stored at −20 o C and transported periodically to the laboratory with a cold pack for analysis.
DNA extraction and PCR amplification of the 16S rRNA. DNA extraction was carried out using a GENE ALL™ Blood Total DNA Purification kit (general bio system, Korea) according to the manufacturer's instructions. The extracted DNA was stored at −20 o C and used as a template for the PCR assay. The M. felis of the 16S rRNA gene was used to amplify the primers (Fig. 1) . The following primers were used to amplify a 273-bp product from M. haemofelis: forward primer, 5'-ATG CCC CTC TGT GGG GGA TAG CCG-3'; and reverse primer, 5'-ATG GTA TTG CTC CAT CAG ACT TTC G-3'. The following primers were used to amplify a 202-bp amplicon from 'Candidatus M. haemominutum': forward primer, 5'-CTG GGA AAC TAG AGC TTC GCG AGC-3'; and reverse primer, 5'-ATG GTA TTG CTC CAT CAG ACT TTC G-3'. 5 The PCR assay was optimized, yielding the following reaction conditions: initial denaturation for 5 min at 94 C. The template DNA (2 mL) was added to 48 mL of the reaction mixture containing 34.75 mL of sterile ultra-pure water, 5.0 mL of 10× PCR buffer, 4 mL of deoxynucleotide triphosphates (dNTPs) mixture (2.5 mM each), 1.5 mL of each primer (20 pmol/mL) and 0.75 mL of Taq DNA polymerase (5 U/mL, iNtRON, Korea). The M. haemofelis (Genebank accession no. U88563) and 'Candidatus M. haemominutum' (Genebank accession no. U88564) DNA (kind gifts from Dr. Watanabe, University of Azabu, Japan) were included as positive controls in each PCR run to monitor the PCR reaction.
Cloning, nucleotide sequencing and phylogenetic analysis. The PCR amplicons were purified using a GFX™ PCR DNA purification kit (Amersham Biosciences, UK) according to the manufacturer's instructions for cloning and sequencing. The purified amplicons were ligated into a pGEM-T easy vector (Promega, USA) and transformed into TOP10F' E. coli competent cells. The recombinant clones were verified by colony PCR amplification, as described above and the recombinant plasmid DNA was purified using a Wizard ® plus SV mini preps DNA purification system (Promega, USA). Sequencing was performed by dideoxy termination using an ABI PRISM 3700 DNA Analyzer (Applied Biosystems, USA). The sequence data was analyzed using Chromas software version. 2.31 (Technelysium, Australia). The homology searches were carried out at the National Center for Bio-technology Information (NCBI, USA) BLAST network service. The nucleotide sequences were aligned and the phylogenetic analyses were performed using the maximum-likelihood based on the obtained sequences (PAUP* 4.0b for Macintosh™).
Slab gel electrophoresis. Slab gel electrophoresis was carried out in 2% agarose gel (Sigma, St. Louis, MO, USA) with 1× TBE buffer. Two microliters of a 6× gel loading dye (bromo phenol blue:xylene cyanol FF:glycerol = 0.25:0.25: 30, %w/v) was mixed with 10 μL of each specimen. The mixture (12 μL) was loaded on 6-well gels and run at 150 V for 50 min in a SaB-Cell (Bio-RAD, USA). After electrophoresis, the gel was stained with EtBr (0.5 μg/mL) for 10 min and de-stained in nuclease free water. The samples were then photographed under UV-light using Gel Doc 2000 (Bio-RAD, USA). The presence of the 202-bp and the 273-bp DNA bands fragment of Candidatus M. haemominutum and M. haemofelis, respectively, were recorded as positive results. The size of the DNA products was determined relative to those of a size marker, i.e. the 100 bp DNA ladder (Bioneer, Seoul, Korea).
Microchip-based capillary gel electrophoresis. MCGE was performed on a DBCE-100 Microchip CE system (Digital Bio Technology Co., Korea) equipped with a diodepumped solid-state laser (excitation at 532 nm and fluorescence at 605 nm; Power Technology Inc., Little Rock, AZ, USA) and a high-voltage device (DBHV-100, Digital Bio Technology Co., Korea). The microchip and schott borofloat glass were purchased from Micralyne (MCBF4-TT100, Micralyne, Canada). The microchip design, gel and sample injecting procedures have been well described in our previous papers.
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Results and Discussion
Identification of the amplified DNA by slab gel electrophoresis. Among 331 cats, thirty four (10.3%) proved positive for Candidatus M. haemominutum alone, 14 (4.2%) for M. haemofelis alone and 18 (5.4%) for both organisms. Figure 2 shows representative slab gel electropherograms of the PCR results from the 11 randomly selected samples from the samples testing positive to H. felis. Nucleotide sequencing of the selected amplicons confirmed the PCR products to be Candidatus M. haemominutum (202-bp) and M. haemofelis (273-bp). In all cases, the sizes of the organisms were identified based on the amplicon size after slab gel electrophoresis (Fig. 2) . Within the group of cat blood with suspected haemobartonellosis, PCR was positive in 11/11; 9/11 (81.8%) were infected with Candidatus M. haemominutum, 5/11 (45.5%) were infected with M. haemofelis and 3/11 (27.3%) were infected with both.
Microchip-based capillary gel electrophoresis. DNApolymer interactions greatly influence the separation of DNA molecules. However, PEO and PVP polymers have been studied extensively in the area of DNA analysis. [16] [17] [18] Moreover, PEO and PVP have significant "self-coating" properties through adsorption to the walls. 16 Therefore, PEO and PVP were selected as the sieving and coating matrix, respectively. At first glance, the effect of the sieving matrix concentration on the separation of DNA molecules in a microchip has been studied. The effect of the sieving matrix (PEO) concentration on the separation of the DNA base pairs was examined in the range from 0.1 to 0.9%, and results were shown in Figure 3A . The above results show that all DNA fragments are separated within 120 s under an adequate resolution using the 0.3% PEO gel compared with the other PEO concentrations. Meanwhile, a long time was needed to elute the DNA fragments through the microchip channel with the higher concentration of sieving matrix. Therefore, the 0.3% PEO gel was selected as an optimum concentration of the sieving matrix.
The separation and migration time of the 200-bp and 300-bp at various electric field strengths i.e., 58.8 V/cm to 294.0 V/cm were also examined (Fig. 3B) . This suggests that the velocity of the DNA molecules increases with increasing electric field strength, which leads to a lower resolution and poor separation between the base pairs in the DNA molecule. On the other hand, higher voltage sources increase the temperature in the microchip, which might result in broader peaks, non-reproducible migration times and sample decom- position. This can also cause electrical discontinuity throughout the channel, which decreases the resolution and efficiency of the MCGE system. Generally, in gel electrophoresis, DNA molecules can be separated according to their size by applying an electric field. Each type of DNA molecule travels through the medium at a different rate, depending on its molecular size. However, chain entanglement in a sieving gel matrix also plays an important role in the separation of DNA molecules with different chain lengths in a gel with a given pore size. 19 This entanglement is a function of the molecular size and applied electric field, and shows irregular values in resolution. 20 The application of a high electric field strength in capillary electrophoresis leads to a shorter analysis time and a lower separation efficiency > 800-bp. 21 Interestingly, the separation efficiency of small size DNA molecules (< 300-bp) was decreased by applying a high constant field strength (Fig. 4B) .
MCGE with PFSG. The main aim of this study was ultrafast detection and differentiation of feline hemobartonellosis i.e., Candidatus M. haemominutum of 202-bp DNA and M.
haemofelis of 273-bp DNA in cat blood by MCGE-PFSG without any loss of resolution. More study will be needed to determine the optimum electric field strength for the rapid detection and differentiation of the feline hemobartonellosis in cats. According to our previous papers, 14, 15 the selected DNA fragments can be detected rapidly with adequate resolution and reduced migration time by applying a nonuniform electric field strength. In this paper, three electric field strengths were applied for the rapid separation of the 100-bp DNA ladder (DNA size marker) such as a low constant field strength (LCFS), high constant field strength (HCFS) and programmed field strength gradients (PFSG) (Fig. 4) . All the DNA fragments migrated within 120 s by applying LCFS (Fig. 4A) . Under the HCFS of 294.0 V/cm, all the peaks had migrated within 49 s but these had poor separation and a lower resolution (Fig. 4B) . This shows that the application of HCFS in a microchip causes poor separation and a low resolution between the target base pairs in DNA molecule. In PFSG, the migration time of the 100-bp DNA fragment was reduced by applying 470.6 V/cm for 9 s and decreasing the electric field to 294.1 V/cm for 1 s (Fig. 4C) . After the migration of the 100-bp DNA fragments the electric field was increased to 470.6 V/cm for 0.5 s. In this time, 200-bp migrated with adequate resolution. The electric field was then decreased to 294.1 V/cm for 1.5 s to obtain appropriate resolution between the 200-300-bp DNA fragments. After the migration of the selected base pairs, electric field was increased to 470.6 V/cm for 20 s, the resolution of the above base pairs was not considered in this study. The selected 100-300-bp DNA fragments migrated in 11 s with an adequate resolution by applying PFSG (Fig.  4C) . Moreover, the resolution between the 200-bp and 300-bp DNA fragments was 2.73 ± 0.40, and the migration time was 10.30 ± 0.248 s and 10.98 ± 0.246 s at the 97% confidence interval, respectively ( Table 1) .
Application of the MCGE-PFSG method to the clinical samples. The applicability and utility of MCGE-PGSG for the rapid detection and differentiation of H. felis in cats is described. Based on the electropherograms of the different electric field strengths (Fig. 4) , it was concluded that PFSG is the best method for the rapid detection and differentiation of feline hemobartonellosis in cats. In PFSG, a specific electric field was applied to the rapid separation of the specific target base pairs in the DNA ladder. This is the main advantage of PFSG over constant field strength gradients. In the PFSG electropherogram (Fig. 4C) , all the target base pairs migrated within 11 s and the resolution of the target base pairs was 2.73 ± 0.40. Fig. 4C and Table 1 highlight the advantage of the PFSG method with regard to the migration time and resolution of the selected base pairs. Therefore, PFSG was selected in this study because the aim of this study is the ultra-fast detection and differentiation of haemobartonellasis (202-bp DNA for Candidatus M. haemominutum) and (273-bp DNA for M. haemofelis) in feral cats within 11 s (Fig. 4C) .
In this study, the PCR results of traditional slab gel electrophoresis and MCGE were compared to determine the potential of microchip technology for the rapid differentiation of Candidatus M. haemominutum (202-bp) and M. haemofelis (273-bp) in feral cats. Although traditional slab gel electrophoresis is a clearly established method for examining PCR-amplified DNA fragments, there is evidence that capillary electrophoresis provides faster separation with a higher resolution.
22 MCGE has attracted increasing interest as an alternative system for the analysis of DNA molecules. 23 Electrophoretic analysis of the PCR products for the detection and differentiation of feline hemobartonellosis was carried out in a 2% agarose slab gel and in 0.3% PEO in the microchip (Figs. 2 and 4C ). It should be noted that the microchip readout shows the increasing size of the PCR product from left to right, and the results obtained by the microchip is essentially the same as those obtained in the agarose gel (Fig. 4C) . The detection and differentiation of the PCR products in MCGE-PFSG was much easier, and the procedure was much faster than conventional slab gel electrophoresis. The reproducibility of the method was confirmed by an analysis of the 100-bp DNA ladder, which clearly demonstrated the superiority of MCGE over the slab gel method with regard to time and sensitivity. The half-peak widths and number of theoretical plate values were 0.85 s and 8900 for 200-bp DNA and 0.61 s and 6700 for 300-bp DNA, respectively.
When the MCGE-PFSG technique is applied to the analysis of the PCR products from the blood of feral cats infected with Haemobartonella felis, there was a 100% correlation between these results and those obtained using conventional slab gel electrophoresis (Table 2) . However, there is considerable difficulty in identifying heterozygous Rs (resolution between 200-bp and 300-bp DNA fragments) = Δt/Wave (Δt is the difference in migration time between two adjacent peaks; Wave is the average peak width of baseline). DNA molecules with slab gel electrophoresis. 7 Finally, MCGE-PFSG technology is a good alternative to conventional methods for the ultra-fast detection and differentiation of feline hemobartonellosis in cats as well as other clinical diagnostics.
Conclusions
MCGE-PFSG was introduced in order to increase the separation efficiency between the target DNA fragments with a specific size and reduce the migration time for the rapid detection and differentiation of feline hemobartonellosis through the application of a non-uniform electric field in MCGE system. PFSG vastly improves the resolution (R s > 2.7) and migration time (< 11 s) for the separation of specific size DNA fragments (i.e., 200-bp and 300-bp) compared with the HCFS. The differentiation of feline hemobartonellosis i.e., Candidatus M. haemominutum (202-bp) and M. haemofelis (273-bp) can be accomplished with greater speed and simplicity using MCGE by applying PFSG than the currently available technologies. The sensitivity, speed, simplicity and reagent consumption of the MCGE with PFSG technology holds great potential for extrapolation to the detection and differentiation of mutations in DNA with a similar molecular biology, which makes it attractive for use in a clinical diagnostic laboratory.
